Exposure of Swiss 3T6 mouse fibroblasts to extracellular ATP stimulated the formation of inositol phosphates and mobilized intracellular calcium. The mobilization of intracellular calcium was verified by imaging of fura-2 fluorescence in individual cells and by monitoring the efflux of 45Ca2+ from preloaded cells. However, we found no activation of protein kinase C as measured by phosphorylation of an 80-kDa acidic protein and by transmodulation of the receptor for epidermal growth factor. A careful examination of the kinetics of the phosphorylation reaction (from 30 sec to 10 min) revealed no activation of protein kinase C by extracellular ATP at any time. The lack of activation of protein kinase C was demonstrated even when a concentration of ATP 10-fold higher than that required to give a strong Ca21 signal was used.
A variety of hormones, neurotransmitters, and growth factors produce their characteristic effects on cellular processes upon binding to specific receptors on the surface of their target cells (1) . The metabolism of inositol phospholipids has been widely recognized as an important element in the transmission of these informational signals across the plasma membrane (for reviews, see refs. 2 and 3). A critical reaction of this transducing mechanism for many, but not all, growth factors is the signal-dependent breakdown of phosphatidylinositol 4,5-bisphosphate by phospholipase C to produce two intracellular second messengers (3), diacylglycerol and inositol 1,4,5-trisphosphate. Diacylglycerol is believed to be responsible for the activation of protein kinase C, and inositol 1,4,5-trisphosphate causes the mobilization of calcium from intracellular stores. It is generally accepted that both events, activation of protein kinase C and the increase in intracellular free Ca2", are produced in a parallel fashion by any agonist that activates the inositol phospholipid metabolism. However, recent evidence indicates that diacylglycerol formation and protein kinase C activation can occur independently from inositol phospholipid turnover in a variety of cell types (4) (5) (6) . Thus, it has been suggested that the breakdown of phosphatidylcholine might play a more important role than that of inositol phospholipids in some signal-transducing pathways that activate protein kinase C. It is therefore plausible but yet unproven that certain ligands can produce breakdown of inositol phospholipids and mobilization of intracellular stores of calcium in the absence of activation of protein kinase C .
Extracellular ATP, at micromolar concentrations, binds to specific cell surface receptors and induces the mobilization of intracellular Ca2l in a variety of cell types (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) . ATP has also been found to stimulate cell growth in Swiss 3T3, Swiss 3T6, A431, and DDT1MF-2 cells when added in synergistic combination with some purified growth factors (N. Huang, D. Wang, and L.A.H., unpublished work). Here we describe the release of Ca2+ from intracellular stores in Swiss 3T6 mouse fibroblasts induced by extracellular ATP that surprisingly was not accompanied by activation of protein kinase C.
MATERIALS AND METHODS
Cell Culture. Swiss 3T6 mouse fibroblasts were subcultured, as described (19) , in Dulbecco's modified Eagle's medium (DMEM; GIBCO) containing 10 mM Hepes, 44 mM NaHCO3, penicillin (100 units/ml), streptomycin (100 ,ug/ ml), and 5% (vol/vol) fetal bovine serum (FBS; GIBCO). Cells were grown at 37°C in a humidified atmosphere containing 5% C02/95% air. Cell plating density was 105 cells per 35-mm dish and cells were used at confluence except for intracellular calcium imaging experiments in which subconfluent cultures were utilized. 45CaC12 (carrier free) was from ICN. 125I-labeled epidermal growth factor (EGF) and [32p]-orthophosphate (carrier free) were from Amersham. All nucleotides were from Boehringer Mannheim and, unless otherwise indicated, all other reagents were from Sigma.
Intracellular Calcium Imaging. The quantitative digital fluorescence imaging system used to measure the cellassociated fura-2 fluorescence intensity has been described (17) . Fura-2 and fura-2 tetrakis(acetoxymethyl) ester were from Molecular Probes. Intracellular free Ca2+ was quantified according to Grynkiewicz et al. (20) as modified by Gonzalez et al. (17) .
Measurements of Calcium Efflux and Influx and Formation of Inositol Phosphate. The method described by Takuwa et al. (21) for the measurement of effiux of 45Ca2+ was followed with minor modifications. The measurements of entry of 45Ca2' into cell monolayers were performed as described (21) with minor modifications. Total inositol phosphates were assayed as described by Berridge et al. (23) and Nanberg and Rozengurt (24) .
Activation of Protein Kinase C. labeled EGF to intact cells was measured as described (25) .
For phosphorylation studies, the cells were incubated with 32p; (100 ,Ci/mI; 1 Ci = 37 GBq) for 6 hr in phosphate-free DMEM (26) . Cytosols were heated and extracted with Triton X-100 followed by one-dimensional PAGE analysis as described (27) . For two-dimensional PAGE analysis (28), the cells were labeled with 32p, (400 ,uCi/ml) for 6 hr (29) . After electrophoresis the gels were dried and exposed to Fuji x-ray film for autoradiography. Autoradiograms were scanned using an LKB Ultroscan XL densitometer and the incorporation of radioactivity into the 80-kDa protein band was quantified using the Ultroscan XL internal digital integrator. The similarity between the effiux profile in the presence and absence of external Ca2+ (Fig. 1B) suggests that ATP stimulates Ca2+ efflux by releasing Ca2+ from an intracellular store(s) rather than by simply stimulating isotopic exchange across the plasma membrane (note that what is plotted is rate ofefflux during successive 1-min intervals). The magnitude of the efflux response had a dependency on the concentration of ATP added to the cells (Table 1) . Furthermore, Fig. 1C shows that no measurable increase in the rate of entry of 45Ca2+ occurred after addition of extracellular ATP during the same time frame that the increases in the concentration of intracellular free Ca2' and 45Ca2+ efflux were observed. Extracellular ATP Does Not Activate Protein Kinase C. An increase in the phosphorylation of an acidic 80-kDa protein (termed the 80K protein) has provided a specific signal of protein kinase C activation in intact mouse fibroblasts (25, 26, (29) (30) (31) (32) (33) as well as in other cultured cells (26, 30, (34) (35) (36) and tissues (36) (37) (38) (39) . The phosphorylation of 80K is increased by treatments with phorbol esters (26, 30, 33) , synthetic diacylglycerol (31) (32) (33) , exogenous phospholipase C (26), serum (30), platelet-derived growth factor (PDGF) (26) , vasopressin (31) , and bombesin (25, 40) . We therefore tested whether ATP increased the phosphorylation of this protein in Swiss 3T6 cells. As shown in Fig. 2A possibility that a rapid transient phosphorylation of 80K might have occurred after addition of ATP that would not be detected in the 10-min assay. As shown on Fig. 2B , no phosphorylation of 80K was detected even as early as 30 sec after addition ofATP. We were concerned that the conditions required for demonstrating 80K phosphorylation in intact cells might interfere with ATP-dependent Ca2+ fluxes. The Inset to Fig. 2B shows that parallel cultures of Swiss 3T6 cells that had been incubated in the same "phosphate-free" medium used during the biosynthetic labeling of cells with 32p, and the assay for 80K phosphorylation exhibited the usual potent ATP-and FBS-mediated 45Ca2' efflux. The possibility that extracellular ATP had an inhibitory effect on the phosphorylation of 80K was examined, but no such inhibitory effect was found when 100 ,uM ATP was added to the cells simultaneously with PBt2 (100 ng/ml), 10%o FBS, or PDGF (50 ng/ml) (data not shown).
RESULTS
To establish that this 80-kDa phosphoprotein had the same characteristic acidity as 80K (25, 40) and was in fact the same protein, two-dimensional PAGE was performed. The analysis of total cell extracts by two-dimensional PAGE revealed at least three radioactive spots that corresponded to 80K, which upon exposure to PBt2 or FBS but not ATP became more heavily labeled and negatively charged (Fig. 3) .
Activation of protein kinase C is known to phosphorylate the receptor for EGF causing a marked reduction in its affinity for EGF (41, 42) , a process called transmodulation. Fig. 2C (Fig. 4 A and B) , but did not activate protein kinase C during the same period (Fig. 4C) . Other nucleotides and nucleosides that were tested but that were found to be inactive in these assays were GTP, CTP, ADP, AMP, and adenosine, whereas ITP produced the efflux of 45Ca2+ to a smaller extent ( (Fig. LA) . This view is further supported by the fact that the profiles of 45Ca2+ efflux in the presence and the absence of an external source of Ca2+ are very similar (Fig. 1B) . Finally, no significant entry of 45Ca2+ was detected during the time period in which the Ca2+ signal resulting from addition of extracellular ATP was observed (Fig. 1C) . This effect on cellular calcium should not be confused with another effect of extracellular ATP that results in the permeabilization of the plasma membrane of 3T6 cells to hydrophyllic compounds that are ordinarily impermeant, such as nucleotides or other phosphorylated compounds (43) . To demonstrate the ATP-induced permeabilization, it is required that divalent cations (Mg2" and Ca2+) are kept at a concentration lower than that of ATP, with a medium of alkaline pH (7.6-7.8) , since the active form ofthe nucleotide is the ATP-4 ion (for review, see ref. 22 ). These conditions are quite different from those described in the present study (pH 7.4 and >2 mM in divalent cations) in which no permeabilization of the cells occurred.
In accordance with a mechanism for Ca2' fluxes dependent on hydrolysis of phosphatidylinositol 4,5-bisphosphate to yield inositol 1,4,5-trisphosphate, we observed the formation of inositol phosphates after exposure of the cells to ATP (Fig.  1A Inset) C activation and this kinase should be measured by independent methods to establish its activation.
